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A b s t r a c t
Functional chloroplasts are sequestered in foraminiferans inhabiting the benthos 
well below the euphotic zone. The foraminiferans Nonionella Stella (Santa Barbara 
Basin, 590 m) and Virgulinellafragilis (Cariaco Basin, 550 m) often live in association 
with Beggiatoa  spp. mats, a genus o f sulfide-oxidizing bacteria, and sequester 
chloroplasts (Bernhard and Bowser 1999, Bernhard 2003). Virgulinella fragilis  also 
harbors sulfide-oxidizing bacterial endosymbionts. In the absence o f sunlight at these 
depths, the benefit o f the chloroplasts is unclear, although they have been implicated in 
helping the foraminiferans meet nitrogen requirements (Grzymski et al. 2002). 
Observations o f A. Stella and V. fragilis  with sequestered chloroplasts in co-existence 
with sulfide-oxidizing bacteria, together with the fact that some bacteria are capable o f 
producing light, led to the hypothesis that sulfide-oxidizing bacteria produce light. To 
begin to test this hypothesis, we assayed for indicators o f light production and bacterial 
bioluminescence using cultures o f sulfide-oxidizing bacteria: Thiomicrospira crunogena , 
Beggiatoa alba , and Beggiatoa  sp. Light production was measured directly under 
multiple culture conditions during the growth cycle, and light production measurements 
were taken o f concentrated cultures in order to reduce variability o f growth curves and 
determine if  light production is dependent on cell concentration. Several results indicate 
significant light production o f cultures over sterile media controls, but the results are not 
suggestive o f bacterial bioluminescence.
DO SULFIDE-OXIDIZING BACTERIA PRODUCE LIGHT?
2In t r o d u c t i o n
Many marine invertebrates exploit a symbiotic relationship with plastids to gain a 
competitive advantage in a limited environment. For example, many sacoglossan 
mollusks (“sea slugs”) inhabit the euphotic zone, sequester algal plastids (chloroplasts) 
from the environment, and metabolize the photosynthate generated by the chloroplast 
within the animal (Trench 1980, Rumpho et al. 2000). Plastid symbionts provide two 
benefits to the sea slug Elysia chlorotica: the host can sustain itself using the organic 
compounds generated from photoautotrophic CO2 fixation and the green color of the 
chloroplasts provides the animal with camouflage (Rumpho et al. 2000).
While many eukaryote-plastid symbioses in the euphotic zone have been 
identified, only a few have been reported below the euphotic zone. The benthic 
foraminiferan Nonionella Stella sequesters plastids (chloroplasts) and lives on the seabed 
of the Santa Barbara Basin at a depth of 590 m (Bernhard and Bowser 1999). The 
chloroplasts contain functional photosynthetic pigments, including chlorophyll a , and 
originated in pelagic diatoms (Grzymski et al. 2002). A second benthic foraminiferan, 
Virgulinella fragilis, with sequestered chloroplasts was recently discovered in the Cariaco 
Basin, near Venezuela, at a depth of 550 m (Bernhard 2003).
Selective retention of chloroplasts by foraminiferans presumably requires 
expenditure of energy and would be expected to confer a beneficial survival advantage to 
the foraminiferans in their microaerophilic, aphotic, and sulfide-rich environment 
(Bernhard and Bowser 1999, Bernhard 2003). Possible advantages o f the chloroplast to
3the foraminiferan host are unclear, although the chloroplasts have been implicated in 
helping the foraminiferan meet nitrogen requirements (Grzymski et al. 2002). 
Photosynthetic pigments in chloroplasts within N. Stella suggests the capability of 
photosynthetic activity, but an alternative (non-solar) source of light for photoautotrophic 
carbon fixation by the sequestered chloroplasts has not been identified (Grzymski et al. 
2002).
Both foraminiferan species possessing sequestered plastids live within mats of 
filamentous sulfide-oxidizing bacteria, the dominant members of which are Beggiatoa 
spp. (Bernhard and Bowser 1999, Bernhard 2003). Virgulinella fragilis also sequesters 
sulfide-oxidizing endosymbionts in the cell cortex (Bernhard 2003). Further research by 
Bernhard et al. (2003) examined the micro-scale biotic distribution of Beggiatoa spp. and 
Nonionella Stella using fluorescence microscopy on core subsamples to elucidate the 
precise spatial distribution o f protists, bacterial filaments, and meiofauna at sub­
millimeter scales. In the study, Nonionella Stella did not always coexist with Beggiatoa 
spp. filaments, nor were the Beggiatoa spp. aggregations thickest surrounding N. Stella 
(Bernhard et al. 2003). Thus, while there is an association between N. stella with 
sequestered plastids and sulfide-oxidizing bacterial mats, it is not an obligate relationship. 
Could the foraminiferans with sequestered chloroplasts gain an advantage, specifically 
light, by living within Beggiatoa spp. mats?
Beggiatoa spp. mats are found worldwide in freshwater and marine environments, 
and form macroscopically visible assemblages in a variety of environments characterized 
by a detectable level of hydrogen sulfide (reviewed in Nelson 1992). The genus 
Beggiatoa consists o f colorless, filamentous, and gliding sulfide-oxidizing bacteria that
4deposit internal globules of elemental sulfur but do not form trichomes (hairs) within a 
common sheath (Nelson 1992). Chemosynthetic environments, such as deep-sea 
hydrothermal vents and cold seeps, frequently host mats dominated by representatives of 
Beggiatoa spp. (Nelson et al. 1989, Sassen et al. 1993, Ahmad et al. 1999, Kojima and 
Fukui 2003). Marine Beggiatoa spp. are larger in diameter than freshwater Beggiatoa 
spp., and marine mats have the ability to use stored nitrate as the terminal electron 
acceptor in anaerobic respiration to couple sulfide oxidation with nitrate reduction 
(McHatton et al. 1996).
We considered two potential mechanisms through which Beggiatoa spp. and other 
sulfide-oxidizing bacteria could produce light. First, light could be produced through the 
biologically mediated process of sulfide oxidation. The spontaneous abiotic process of 
sulfide oxidation is chemiluminescent in the visible spectrum via a free-radical 
mechanism (Tapley et al. 1999), but the process of sulfide oxidation by 
chemoautotrophic bacteria is mediated by an enzymatic pathway, and no free radicals are 
generated (Brune 1989, Kelly 1989, Nelson and Fisher 1995). Light production by 
sulfide-oxidizing bacteria through this mechanism was therefore deemed unlikely.
Second, light could be produced through bacterial bioluminescence. All characterized 
bacterial bioluminescence is due to the action of the enzyme luciferase, encoded by the 
lux operon within the bacterial genome (reviewed in Wegrzyn and Czyz 2002). 
Luciferases catalyze the oxidation of an aldehyde and a reduced flavin mononucleotide 
(FMNH2 ) to release energy in the form of visible light (reviewed in Wegrzyn and Czyz 
2002). When luminous bacteria are grown in broth medium, expression of the lux genes 
lags behind culture growth, and there is a rapid increase in luciferase expression, and thus
5luminescence, during late exponential phase and early stationary phase (Farghaly 1950, 
Nealson et al. 1970, Fuqua et al. 1994). Known as autoinduction (Nealson et al. 1970), 
the process is mediated by homoserine lactones, which are synthesized by LuxI gene 
products. Since both LuxI and the luciferase operons are induced by homoserine lactones, 
when cell concentration rises, cells increase production of homoserine lactones. Increased 
homoserine lactones rapidly increases the transcription of luciferase genes (Fuqua et al. 
1994). This phenomenon of density-dependent autoinduction of the luciferase enzyme is 
present in all bioluminescent bacteria and it is restricted to one clade (reviewed in 
Nealson and Hastings 1991). The gene arrangements of the lux operon across 
bioluminescent species suggest a common origin for all known bacterial bioluminescence 
(Meighen 1988).
Observations of Nonionella Stella and Virgulinella fragilis with sequestered 
plastids in co-existence with sulfide-oxidizing bacteria, together with the fact that some 
bacteria are capable of bioluminescence, led to the hypothesis that sulfide-oxidizing 
bacteria produce light. This hypothesis was tested with cultures o f Thiomicrospira 
crunogena, Beggiatoa alba, and Beggiatoa sp.
Light production by cultures of these sulfide-oxidizing bacteria was assayed 
qualitatively by means of X-ray film exposure and quantitatively through measurements 
of light production during culture growth using a scintillation counter. Escherichia coli B 
was used as a negative control, Vibrio harveyi was used as a positive control, and light 
production from cultures o f sulfide-oxidizing bacteria were compared to light production 
of sterile media.
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Cultures
Thiomicrospira crunogena is a vibrioid, marine sulfide-oxidizing bacterium 
isolated from scrapings o f a Riftia pachyptila tube from a deep-sea hydrothermal vent 
(Jannasch et al. 1985). Pure cultures of Thiomicrospira crunogena (American Type 
Culture Collection [ATCC], strain TH - 55) were grown in ATCC broth medium 1422 
(Jannasch et al. 1985), an autotrophic medium containing 10 mM of sodium thiosulfate 
as the electron donor (Appendix 1). Cultures and sterile media were incubated in 20 ml 
scintillation vials at room temperature (22°C).
Beggiatoa alba is a filamentous, freshwater sulfide-oxidizing bacterium capable 
of growing in both heterotrophic and autotrophic media (courtesy o f D. C. Nelson, UC 
Davis). Pure cultures of Beggiatoa alba (strain B18LD GLO+) were grown in three 
different media that established different metabolic conditions. Heterotrophic broth 
medium (DHA, D medium, H: heterotrophic, A: acetate) contained 16.6 mM sodium 
acetate as the organic carbon source and electron donor (Appendix 2). Mixotrophic broth 
medium (DHAT, D medium, H: heterotrophic, A: acetate, T: thiosulfate) was prepared by 
supplementing the heterotrophic medium with 5.0 mM sodium thiosulfate as an 
alternative electron donor (Appendix 2). The chemoautotrophic sulfide-gradient medium 
contained sodium sulfide as the electron donor (Appendix 3; Nelson and Castenholz 
1981, Nelson and Jannasch 1983). The sulfide-gradient medium consisted of a 4-ml 
sulfide-agar plug (4 mM neutralized sodium sulfide, 1.5% agar) overlain by 8 ml slush
7agar (0.2% agar) enriched with inorganic nutrients and trace elements as described 
previously (Nelson and Jannasch 1983). New sulfide-gradient media were aged for two 
days prior to inoculation in order to establish a sulfide-oxygen interface that was stable in 
nutrient flux rates (Nelson and Jannasch 1983, Nelson 1992). Upon inoculation, B. alba 
formed a culture layer that migrated toward the sulfide-agar plug as the culture aged. All 
B. alba cultures and sterile media were incubated in 20 ml scintillation vials at 30°C with 
gently shaking, except sulfide-gradient cultures were not subjected to shaking.
The culture o f marine Beggiatoa sp. is actually a consortium of bacteria isolated 
from the Caribbean black band disease that infects corals (courtesy of D. C. Nelson, UC 
Davis). Beggiatoa sp., a monoclonal strain and the only autotroph in the consortium, is 
the first bacterium to appear upon inoculation into new media and dominates the biomass 
during the first two weeks of culture. Marine Beggiatoa sp. was grown in marine 
chemoautotrophic sulfide-gradient medium that contained sodium sulfide as the electron 
donor (Appendix 4, D. C. Nelson unpubl.). The medium consisted of three layers, from 
bottom to top: 4-ml sulfide-agar plug (15 mM neutralized sodium sulfide, 1.5% agar), 8 
ml of slush agar (0.2% agar), and 2 ml of artificial seawater (Instant Ocean) with 25 [iM 
ammonium nitrate in which Beggiatoa sp. grew. New gradient media were aged two days 
prior to inoculation. Cultures were incubated in 20 mL scintillation vials with loose caps 
at room temperature (22°C).
Pure cultures of Vibrio harveyi (strain BB 170, Dr. B. Bassler, Princeton 
University) were used as positive bioluminescence controls. Vibrio harveyi was grown in 
high-salt, Luria-Bertini (LB) broth media (1% tryptone, 0.5% yeast extract, 2% NaCl) 
with gentle shaking at 30°C. Pure cultures of Escherichia coli B (strain 3379B) were used
as negative bioluminescence controls. Escherichia coli B was grown in LB broth media 
(0.5% tryptone, 0.5% yeast extract, 0.5% NaCl) at 35°C. Cultures of V. harveyi and E. 
coli B were incubated in 20 mL scintillation vials.
Detection o f light production using X-ray film
A 1:10 (culture:medium) dilution series was made with equal cell quantities (5.04 
x 107) of Vibrio harveyi (posititive control), and Escherichia coli B (negative control), 
Thiomicrospira crunogena, and Beggiatoa alba grown in heterotrophic media. The 
experiment was replicated using a different quantity of cells (8.8 x 106). The dilution 
series were blotted onto filter paper, and X-ray film was overlain onto the filter paper in a 
light-tight autoradiography chamber to record the photon emission of the cultures. Films 
were exposed four hours and developed in a Konica SRX-101 film processor. Any light 
exposed on X-ray film darkened the film in the localized area, and photon emission 
above that of sterile media was accepted as evidence of bioluminescence upon film 
development. Photon emission from cultures was compared with photon emissions from 
sterile medium controls to determine the relative amount of light produced by the culture.
Measurements o f  light production during culture growth
Light production was measured at regular intervals through the entire growth 
cycle. Thiomicrospira crunogena was inoculated into 20 ml of sterile media with 0.10 ml 
of stationary phase culture. Beggiatoa alba was inoculated into sterile sulfide-gradient 
media and 20 ml of sterile heterotrophic and mixotrophic media with a 0.01 ml aliquot 
from a stationary phase sulfide-gradient culture harvested with a Pasteur pipette.
9Beggiatoa sp. was inoculated into sterile marine sulfide-gradient with a 0.01 ml aliquot of 
culture harvested with a Pasteur pipette. Measurements of light production from cultures 
and sterile media were taken approximately every 12 hours during culture growth from 
inoculation to late stationary phase (up to 400 hours). Measurements of light production 
were obtained using a Beckman-Coulter scintillation counter (single photon monitor 
mode). In order to minimize the incidence of autofluorescence, all vials were held in a 
light-tight chamber o f the scintillation counter for 2.0 minutes before determining the 
photon emission rate of the sample. Photon emission rate was expressed in relative light 
units of counts per second (CPS).
Culture growth in broth media was determined through spectroscopic analysis 
(BioRad SmartSpec 3000). In order to maintain the same amount of culture for 
scintillation counts, identical cultures, inoculated at the same time and kept under the 
same conditions, were used to quantify culture growth. Optical density at 600 nm 
(OD600), a measure of turbidity, was quantified using a 0.5 ml aliquot of culture, and 
blanked against sterile media. Culture growth of Beggiatoa alba in sulfide-gradient 
medium was quantified by measuring the distance from the top of the slush agar to the 
position of the culture layer. Culture growth in Beggiatoa sp. was not determined.
For these experiments, two indicators were used to determine if cultures of 
sulfide-oxidizing bacteria actively produced light. First, a repeated measures ANOVA 
test (see below) was used to determine if there was a significant difference between light 
detected from cultures and sterile media over the time series. Second, a CPS/cell ratio 
was calculated by dividing the average light production (CPS) by the average number of 
cells in the culture. The CPS/cell ratio is a measure of specific activity of light production
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and bioluminescence, and was calculated at every time point to determine if light 
production of the culture was autoinduced at mid-exponential to stationary phase, a 
characteristic of bacterial bioluminescence.
Measurements o f light production in concentrated cultures
The concentrated culture experiment measured the effect o f cell concentration on 
light production during different stages of growth. These experiments reduced variability 
of the growth curve between trials and reduced the chance for contamination. 
Approximately 450 ml of stationary phase Beggiatoa alba in heterotrophic medium (10- 
12 days growth) and Thiomicrospira crunogena (6-8 days growth) were harvested by 
centrifugation in 225 ml aliquots (10xg, 15 minutes). Cell pellets were resuspended in 10 
ml of sterile media to concentrate the culture 45 x. To enumerate cell quantity for the 
dilution series, optical density of the concentrated culture was determined using a 1:10 
dilution. A dilution series of the concentrated culture was made in 7 ml scintillation vials 
by inoculating aliquots of the concentrated culture, ranging from 0.005 ml to 1.0 ml into 
sterile media. Measurements of light production for the dilution series were taken in the 
scintillation counter over 48 hours after inoculation. Vials were held in a light-tight 
chamber of the scintillation counter for 2.0 minutes before determining the photon 
emission rate of the sample. Photon emission rate was expressed in CPS.
Culture purity
The purity of Vibrio harveyi and Esherichia coli B cultures was examined by 
streaking for isolated colonies on high-salt LB agar (V. harveyi) and LB agar plates (E.
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coli B, 1.5% agar). The presence o f a single colony morphology on the agar plate 
indicated a pure culture.
The purity of Thiomicrospira crunogena, Beggiatoa alba, and Beggiatoa sp. was 
determined following each experiment by gram stain and microscopic analysis. The 
presence of morphologies other than those of the experimental bacterium indicated a 
contaminated culture. Cultures of B. alba grown in heterotrophic media were also struck 
onto nutrient-rich LB agar plates. Since pure cultures of B. alba do not grow on LB agar, 
any colony growth indicated a contaminated culture.
Statistics
Light production measurements during culture growth and in concentrated 
cultures were natural log-transformed in order to normalize the data and analyzed using 
the repeated measures analysis of variance (ANOVA) technique on R software (R 
Development Core Team 2004). The repeated measure, relative light units of counts per 
second (CPS), was compared between treatments, (culture, sterile media, cell 
concentration) over time, and the P-value represents the statistical difference (95% 
confidence level) between the treatments during the time series.
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R e s u l t s
Detection o f  light using X-ray film  
Photon emission from the bioluminescent bacterium Vibrio harveyi was evident in 
all three dilutions, and decreased in amount with each 10-fold dilution (Fig. 1). Since 
photon emission was not evident from sterile media, all photon emission in the cultures 
was produced from cells. Photon emission from negative control Escherichia coli B was 
not detected from any concentration nor from the sterile media (Fig.l). Culture dilutions 
and sterile media from sulfide-oxidizing Thiomicrospira crunogena and Beggiatoa alba 
also did not show evidence of photon emission (Fig. 1).
Measurements o f  light production during culture growth 
Positive control. Light detected in cultures of bioluminescent Vibrio harveyi was 
significantly greater than in sterile high-salt LB medium in every trial (Fig. 2A, Table 1). 
Each trial demonstrated a dramatic increase in light production (Fig. 2A) at early 
stationary phase (Fig. 2B), consistent with autoinduction of bioluminescence via quorum- 
sensing. The CPS/cell curve for V. harveyi (Fig. 2C) reflected the light production curve, 
which further suggests that light production was autoinduced during culture growth by 
indicating that each cell in the population increased its bioluminescence.
Negative control Light detected from sterile LB media was significantly greater 
than light detected from Escherichia coli B cultures (Fig. 3A, Table 1). Changes in cell 
density during growth of E. coli B (Fig. 3B) did not affect light production, and the 
CPS/cell ratio was nearly constant (Fig. 3C).
13
F ig u r e  1
X-RAY FILM OF VIBRIO HARVEYI, ESHERICHIA COLIB, THIOMICROSPIRA 
CRUNOGENA, AND BEGGIATOA ALBA
T. crtmoi
Qualitative measure of light production. V harveyi: positive bioluminescence control, E. 
coli B: negative control, T. crunogena and B. alba: sulfide-oxidizing bacteria. Number of 
cells blotted in each row is indicated on the left.
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F ig u r e  2
LIGHT PRODUCTION OF VIBRIO HAR VEYI IN HIGH-SALT LB MEDIUM
A
—• — V. harveyi culture
sterile media3.0e+6 -
A  A
0.0
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Time (hour)
A. Light production, CPS: counts per second; V. harveyi culture: n = 3, mean ± 1 s.e.; 
sterile media: n — 3, mean ± s.e. B. Growth curve, OD600: optical density at 600 nm, n— 
3, mean ± 1 s.e. C. CPS/cell, measure of specific activity: average CPS divided by 
average number of cells in culture
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F ig u r e  3
LIGHT PRODUCTION OF ESCHERICHIA COLI B IN LB MEDIUM
A
8000 -|
E. coli B culture 
sterile media6000 -
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A. Light production, CPS: counts per second; E. coli culture: n = 5, mean ± 1 s.e.; sterile 
media: n — 5, mean ± s.e. B. Growth curve, OD600: optical density at 600 nm, n -  3, 
mean ± 1 s.e. C. CPS/cell, measure of specific activity: average CPS divided by average 
number of cells in culture
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Sulfide-oxidizing bacteria. Thiomicrospira crunogena cultures produced 
significantly more light than sterile autotrophic ATCC media 1422 through the time 
series in three of four trials (Fig. 4A, Table 1). Alternations in cell density during growth 
of T. crunogena (Fig. 4B) did not have an effect on the amount of light detected from the 
culture. The CPS/cell ratio was nearly constant during culture growth, and was lower by 
an order o f magnitude than that of Vibrio harveyi (Fig. 4C).
Beggiatoa alba cultures produced significantly more light than sterile media in 
three of five trials in heterotrophic DHA medium (Fig. 5A, Table 1). Peaks in the B. alba 
growth curve reflected peaks in culture light production for these three trials (Fig. 5B, 
Table 1). The CPS/cell ratio was nearly constant during peaks of culture growth, 
indicating no evidence of autoinduction, and was lower by two orders of magnitude than 
Vibrio harveyi (Fig. 5C). Since all B. alba cultures in the heterotrophic medium exhibited 
an extended lag phase, data from the lag phase was excluded from the repeated measures 
ANOVA test. Only data points for both B. alba culture and sterile media from the start of 
exponential phase through the end of the experiment were included in the repeated 
measures ANOVA test. There was a significant difference in light production between B. 
alba culture and sterile media in three trials (Table 1).
Beggiatoa alba cultures grown in mixotrophic DHAT medium did not 
significantly differ in light production from sterile media (Fig. 6A, Table 1). Culture 
growth (Fig. 6B) did not affect the amount of light detected from the culture. Beggiatoa 
alba cultures grown in chemoautotrophic sulfide-gradient cultures did not significantly 
differ in light production from sterile media (Fig. 7 A, Table 1) during culture growth 
(Fig. 7B).
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Light detected from marine Beggiatoa sp. was significantly less than light 
detected from sterile media and the light decayed more quickly than that o f sterile media 
(Fig. 8, Table 1). Culture growth was evident by turbidity in the seawater nitrate layer 
and a phenol red color change in slush agar, but culture growth could not be quantified.
Measurements o f  light production in concentrated cultures
There were significant differences in light detected from concentrations of 
Thiomicrospira crunogena and sterile media in all three trials (Table 2). In one trial, the 
highest concentration o f cells (1.05 x 109) produced significantly more light only at the 
first time point (Fig. 9A). In two subsequent trials, sterile media produced significantly 
more light than cultures in all concentrations and light production of concentrated 
cultures followed a inverse relationship with cell concentration (Fig. 9B). There was no 
significant difference among light detected from Beggiatoa alba concentrated cultures 
grown in DHA media and sterile media (Fig. 10, Table 2).
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Fig u r e  4
LIGHT PRODUCTION IN THIOMICROSPIRA CRUNOGENA IN
ATCC MEDIUM 1422
A
—•— T. crunogena culture
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A. Light production, CPS: counts per second; T. crunogena culture: n = 5, mean ± 1 s.e.; 
sterile media: n = 5, mean ± 1 s.e. B. Growth curve, OD600: Optical density at 600 nm, n 
= 3, mean ± 1 s.e. C. CPS/cell, measure of specific activity: average CPS divided by 
average number of cells in culture
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F ig u r e  5
LIGHT PRODUCTION OF BEGGIATOA ALBA IN HETEROTROPHIC MEDIUM
A
600 B. alba culture 
sterile media500
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A. Light production, CPS: counts per second; B. alba culture: n = 3, mean ± 1 s.e.; 
sterile media: n = 5, mean ± 1 s.e. B. Growth curve, OD 600: Optical density at 600 
nm, n = 3, mean ± 1 s.e. C. CPS/cell, measure of specific activity: average CPS 
divided by average number of cells in culture
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F ig u r e  6
LIGHT PRODUCTION OF BEGGIATOA ALBA IN MIXOTROPHIC MEDIUM
A
400 n
- B. alba culture 
sterile media
300 -
100 -
50 100 1500 200 250
B
oo'O
Q
O
0.0
50 100 150 200 2500
Time (hour)
A. Light production, CPS: counts per second; B. alba culture: n - 5 ,  mean ± 1 s.e.; sterile 
media: n = 5, mean ± 1 s.e. B. Growth curve, OD600: Optical density at 600 nm, n = 3, 
mean ± 1  s.e.
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F ig u r e  7
LIGHT PRODUCTION OF BEGGIATOA ALBA IN SULFIDE-GRADIENT MEDIUM 
A
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A. Light production, CPS: counts per second; B. alba culture: n — 4, mean ± 1 s.e.; sterile 
media: n = 5, mean ± 1 s.e. B. Growth curve, depth of culture layer from the top of slush 
agar: n — 4, mean ± 1 s.e.
CP
S
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F ig u r e  8
LIGHT PRODUCTION OF MARINE BEGGIATOA SP. IN 
SULFIDE-GRADIENT MEDIUM
8000 -|
7000 -
-•— Beggiatoa sp. consortia 
A - sterile media
6000 J >
5000 -
4000 -
3000 -
2000 -
1000 -
140 16060 80 100 1200 20 40
Time (hour)
Light production, CPS: counts per second; Beggiatoa sp. consortia: n = 5, mean ± 1 s.e.; 
sterile media: n — 5, mean ± 1 s.e.
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T a b l e  1. Statistics for measurements of light production for A. Vibrio harveyi B. 
Escherichia coli B C .  Thiomicrospira crunogena D. Beggiatoa alba and E. marine 
Beggiatoa sp. C P S cu iture > C P S m edia: Positive response indicates significant P-value (a  <  
0.05). Autoinduction: Positive response indicates autoinduction (increase in specific 
activity) o f light production at mid-exponential to stationary phase. Significant factors 
(95% confidence level) for repeated measures ANOVA are indicated in bold. N/A: Not 
applicable. Remarks: 1. CPS from culture higher than CPS from media at every data 
point, no increase in CPS over sterile media with culture growth. 2. Increases in culture 
growth were followed by an increase in CPS of culture over CPS of media. 3. Sterile 
media CPS greater than culture CPS at every data point.
Trial no. n culture 
(Fig. no)
n media C P S c u i t u r e  ^  
C P S m edia
P Remarks Autoinduction
A. Vibrio harveyi
1(2) 3 3 + <0 . 0 0 0 1 2 +
2 5 5 + <0 . 0 0 0 1 2 +
B. Escherichia coli B
1 (3) 5 5
C .  Thiomicrospira crunogena
1 5 5 +
0 . 0 0 0 2
0.0013
3
1
2 5 5 - 0.0924 N/A N/A
3 5 5 + 0.0007 1 -
4(4) 5 5 + 0.0172 1 -
D. Beggiatoa alba 
DHA
1 5 5 + 0.0015 2 -
2 5 5 - 0.3245 N/A N/A
3 10 5 + 0.0166 1 -
4 10 5 - 0.4518 N/A N/A
5 (5) 3 5 + 0.0282 2 -
DHAT
1(6) 5 5 0.1685 N/A N/A
Sulfide gradient
1 5 5 - 0.1671 N/A N/A
2(7) 4 5 - 0.6302 N/A N/A
E. Marine Beggiatoa sp.
1(8) 5 5 - <0 . 0 0 0 1 3 N/A
CP
S
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F ig u r e  9
LIGHT PRODUCTION OF CONCENTRATED THIOMICROSPIRA CRUNOGENA
CULTURES
A
400
A • sterile media 
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Legend indicates number o f cells in inoculum of each culture. Each data value: n — 3, 
mean ± 1 s.e.
l ib r a r y
College of 
William and Mary
CP
S
26
Fig u r e  10
LIGHT PRODUCTION OF CONCENTRATED BEGGIATOA ALBA CULTURES
600
sterile media
1.81 x 107 cells 
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1.81 x 109 cells
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400
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Legend indicates number of cells in inoculum of each culture. Each data value: n = 3, 
mean ± 1 s.e.
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T a b l e  2 . Statistics for measurements of light production in concentrated cultures of A. 
Thiomicrospira crunogena and B. Beggiatoa alba. Cell concentration proportional to (oi) 
CPScuiture’ Positive response indicates a trend for increasing culture CPS with cell 
concentration. Significant factors (95% confidence level) for repeated measures ANOVA 
are indicated in bold. Remarks: 1. Highest cell concentration produced higher CPS at time 
point 1; 2 . Sterile media produced higher CPS at every time point, and CPS was inversely 
proportional to cell concentration
Trial no. no. 
(Fig. no) dilutions
n culture n media Cell concentration 
OL C P S c u i t u r e
P Remarks
A. Thiomicrospira crunogena 
1 (9 A) 5 3 3 + 0.0207 1
2 5 3 3 - 0.0083 2
3 (9B) 5 3 3 - < 0 . 0 0 0 1 2
B. Beggiatoa alba 
1 2 3 3 0.0893 N/A
2(10) 5 3 3 - 0.5157 N/A
2 8
D i s c u s s i o n
Detection o f  light production using X-ray film
X-ray film was used as a qualitative measure o f light production, where culture 
light production could be inferred if  there was photon emission from cultures above that 
o f sterile media. The presence o f  photon emission by Vibrio harveyi and its proportional 
decrease w ith cell concentration confirmed bioluminescence in V. harveyi. The absence 
o f photon emission from pure cultures o f  Thiomicrospira crunogena and Beggiatoa alba, 
and their similarity to E. coli B cultures on exposed film, suggests that these cultures did 
not produce quanta o f  light sufficient for detection.
M easurements o f  light production during culture growth
Positive control. Cultures o f bioluminescent Vibrio harveyi produced significantly 
more light than sterile m edia and the experiments confirmed autoinduction o f 
bioluminescence. During stationary phase, total culture light production and light 
produced/cell (CPS/cell ratio) dramatically rose and fell in concert. Our results are 
consistent with previous studies on density-dependent quorum sensing in bioluminescent 
bacteria (Nealson et al. 1970).
Negative control. Sterile  LB m edia produced significantly m ore light than 
Escherichia coli B cultures, and the presence o f cells appeared to quench the light from 
the media. In a replicate experiment that used month-old LB media, there was no 
significant difference betw een light detected from culture and sterile m edia (data not
2 9
shown). These results are consistent with studies by Vogel and Sussmuth (1998a, b), who 
reported the same chemiluminescence phenomenon with E. coli B and other bacteria 
grown in recently autoclaved media. The authors speculated that the process o f 
autoclaving m edia created reactive oxygen species that led to the formation o f excited 
states and chemiluminescence (Vogel and Sussmuth 1998a, b). The quenching o f  media 
chemiluminescence is m embrane-dependent (Vogel and Sussmuth 1998a), and further 
studies indicated that cells interfere with the peroxidation reactions in the medium, which 
protects against exogenous oxidative stress (Vogel and Sussmuth 1999).
Sulfide-oxidizing bacteria. Cultures o f Thiomicrospira crunogena produced 
significantly more light than sterile media, and three o f four experiments are suggestive 
o f light production by the bacteria. There was no evidence that light production is due to 
luciferase-mediated bacterial bioluminescence, since the nearly constant CPS/cell ratio 
does not suggest autoinduction o f light production at mid-exponential and stationary 
phase and light production from cultures was greater than that o f sterile m edia throughout 
the experiment.
Cultures o f Beggiatoa alba were grown under different trophic conditions (media) 
to determine the conditions, i f  any, under which light is produced. There was variability 
in the duration o f  growth and time to reach stationary phase among trials for cultures in 
heterotrophic and m ixotrophic broth media, but all trials were completed at late stationary 
phase. Light production by heterotrophic cultures was significant in three trials, although 
luciferase-mediated bacterial bioluminescence is again not suggested due to nearly 
constant CPS/cell plots. Since there was no significant difference between the cultures
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and sterile m edia o f B. alba grown in mixotrophic and sulfide-gradient media, the 
experiments suggest that light was not produced by B. alba in these trophic conditions.
The significantly greater light production o f sterile m edia over cultures o f marine 
Beggiatoa  sp. indicate that the cultures did not produce light and that there was 
considerable chemiluminescence in the medium, presum ably from the inorganic 
oxidation o f sulfide (Tapley et al. 1999). This result was not evident in the freshwater 
Beggiatoa alba sulfide-gradient cultures, probably because it contains a lower sulfide 
concentration (4mM) compared to that o f the marine sulfide-gradient cultures (15mM). In 
a replicate experiment, sulfide gradients were aged for eight days before inoculation, and 
there was no significant difference between light detected from cultures and sterile media 
during culture growth (data not shown). The dramatic decay in light detected from 
Beggiatoa sp. cultures during culture growth was most likely due to the 
chemoautotrophic m etabolism  o f sulfide b y  Beggiatoa sp., which depleted the medium o f 
inorganic sulfide at a faster rate than inorganic sulfide oxidation alone.
The results from the marine Beggiatoa sp. experiments in 15 mM  sulfide-gradient 
media suggest a new m ethod for measurements o f sulfide consumption by sulfide- 
oxidizing bacteria. Two methods are currently used to measure rates o f  biologically 
mediated sulfide oxidation: (1) 35S uptake (Schmidt et a l  1986); and (2) microelectrode 
profiles o f O 2 and H 2 S (Revsbech et al. 1983). The light production method described 
here takes advantage o f  the fact that the inorganic oxidation o f  sulfide reaction is 
chemiluminescent (Tapley et al. 1999) and that the bacterially m ediated consumption o f 
sulfide and oxygen is at least five orders o f magnitude more rapid than inorganic sulfide 
oxidation in sterile m arine sulfide-gradient media (Nelson et al. 1986). W ith the
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assumption that the bacteria do not produce light, the difference between the CPS 
detected from the culture and sterile m edia represents a depletion o f  inorganic sulfide due 
to biologically mediated sulfide oxidation. Since the amount o f  light production from 
inorganic sulfide oxidation is dependent on concentration, a standard curve could be 
constructed to convert the difference in light detected from the culture and m edia into the 
amount o f  sulfide consumed by the bacterial culture.
Measurement o f  light production in concentrated cultures
Experiments with concentrated cultures measured the effects o f cell concentration 
on light production in a shorter time and with less variability o f growth cycles than those 
o f  light production during culture growth experiments. There was little evidence for light 
production in Thiomicrospira crunogena and Beggiatoa alba concentrated cultures. In 
one trial, the highest concentration o f  T. crunogena cells produced significantly more 
light at the first time point, but this trend did not repeat throughout the experiment, and 
there was no relationship between cell concentration and light production. Two 
subsequent trials suggested chemiluminescence o f the sterile m edia and quenching o f the 
light by cells, similar to that observed w ith LB m edia and Escherichia coli B. The sterile 
media produced significantly more light than cultures, and there was an inverse 
relationship between light production and cell concentration. Light production by 
Beggiatoa alba grown in heterotrophic (DHA) m edia could not be replicated in 
concentrated cultures experiments.
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C o n c l u s i o n s
Several experiments indicated that cultures o f  Thiomicrospira crunogena and 
Beggiatoa alba , when heterotrophically, produce significantly more light than sterile 
media. All results o f  light production by sulfide-oxidizing bacteria were not characteristic 
o f luciferase-mediated bacterial bioluminescence, thus the nature o f this light production 
is unclear. We assume that light production was not attributable to fluorescence o f the 
cells, since the light production measurements (CPS) was taken after the sample was held 
for 2.0 minutes in a light-tight chamber. Our results indicated that this biological 
chemiluminescence by T. crunogena and B. alba is six orders o f  magnitude lower than 
that o f bioluminescent Vibrio harveyi. In general, bacterial biolum inescence in the marine 
environment does not produce enough energy (quanta) to excite photosynthesis (P. 
Herring, personal communication). Although we did not sample live Beggiatoa spp. 
mats, similar to those which host chloroplast-sequestering foraminiferans, and test them 
for light production, our study suggests that sulfide-oxidizing bacteria would not produce 
enough light to excite photosynthesis in the sequestered chloroplasts o f foraminiferans 
Nonionella Stella and Virgulinella fragilis.
Future studies
Future studies to investigate the light production by sulfide-oxidizing bacteria should 
include experiments to determine the mechanisms by which light is generated and 
determine the distribution o f  light production in cultures and naturally occurring
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populations o f sulfide-oxidizing bacteria. Luciferase-mediated bacterial bio luminescence 
is under transcriptional control (Nealson et al. 1970); the decrease o f  light production 
upon the addition o f  a protein synthesis inhibitor such as chloramphenicol could indicate 
that light production is protein-mediated. The effect o f cellular respiration on light 
production could also be measured by the addition o f  an electron transport chain inhibitor 
such as cyanide. Studies with bioluminescent Vibrio fischeri indicate that cyanide 
inhibited light production during periods o f  maximal growth (exponential and stationary 
phase) (Nealson et al. 1970).
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A p p e n d i x  1. A. Autotrophic broth medium for Thiomicrospira crunogena , ATCC 
#1422. B. Vishniac and Santer trace element solution
A.
Nutrient Final concentration (mM)
NaCl 429.50
Trizma hydrochloride 19.48
Na2 S2 C>3 1 0 . 0
(NH)2so4 7.58
M g S 0 4 6.09
k h 2 p o 4 3.09
NaHCOs 2.38
CaCl2 1.97
0.02% Vishniac and Santer trace elements
B.
Nutrient Final concentration (pM)
EDTA 24.03
Z n S 0 4 15.30
CaCl2 7.54
F eS 0 4 6.57
M nCl2 5.11
CoCl2 1.35
C u S 0 4 1.26
(NH 4 )6 M o7 0 2 4 0.18
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A p p e n d i x  2 .  A .  Heterotrophic broth DHA and DHAT m edia for Beggiatoa alba. B. ND
stock solution. C. M icronutrient solution
A.
Nutrient Final concentration (mM)
N aC 2 H 3 0 2 16.6
HEPES 1 0 . 0
(NH 4 )2 S 0 4 0.98
k 2 h p o 4 0 . 2 0
5% ND Stock solution
N a2 S2 C>3 * 5.0
B.
Nutrient Final concentration (mM)
Nitrilotriacetic acid 0.52
Na2 H P 0 4 0.50
M g S 0 4 0.40
C aS 0 4 0.35
k 2 h p o 4 0 . 2 1
NaCl 0.14
FeCl3 0.089
1 % M icronutrient solution
C.
Nutrient Final concentration (pM)
M n S 0 4 6.74
H 3 BO 3 4.05
Z n S 0 4 0.87
CoCl2 0.095
N a2M n0 4 0.052
C u S 0 4 0.050
h 2 s o 4
*Add for DHAT medium only
36
A p p e n d i x  3 .  Autotrophic gradient media for Beggiatoa alba A . Bottom agar. B. Top
(slush) agar. C. VA vitamin solution
A.
Nutrient Final concentration (mM)
Na2S 4.00
1.5% agar
B.
Nutrient Final concentration (mM)
NaC 2 H 3 0 2 2 . 0 0
N aH C 0 3 1 . 0 0
n h 4n o 3 0.50
2.0% ND stock solution*
0.0009% VA vitamins
0 .2 % agar
C
Nutrient Final concentration (pm)
Inositol 1248.6
Thiamine 133.4
Niacin 1.83
p-aminobenzoic acid 1.64
Pyridoxine 1.33
C a-panthothenate 0.94
Biotin 0.92
Folic acid 0.51
Vitamin B-12 0.17
*Final concentrations are listed in appendix 2.
37
A p p e n d i x  4 .  Autotrophic sulfide gradient for Shay’s marine Beggiatoa  sp. A. Bottom 
agar. B. Top (slush) agar. C. Seawater overlay D. 15* concentrate. E. Pfennig’s trace
element solution. F. VA vitamin solution
A.
Nutrient Final concentration (mM)
N a2S 15.0
1.5% agar
B.
Nutrient Final concentration (mM)
NaCl 205.48
2.4% 15X concentrate solution
0 .2 % agar
0.036% Pfenning’s trace element solution
0.015% VA vitamins
C.
Nutrient Final concentration (pM)
NH 4N O 3 25
D.
Nutrient Final concentration (mM)
N a 2 S2 0 5 1.05
k 2 h p o 4 0.80
N a 2 M o 0 4 0.14
FeCl3 0.027
E.
Nutrient Final concentration (pM)
HC1 100.80
H 3 BO 3 1 . 0 0
CoCl2 0.80
ZnCl2 0.51
M nCl2 0.50
N a2 M o 0 4 0.15
CuCl2 0 . 1 0
N iCl2 0 . 1 0
38
Nutrient Final concentration (pm)
Inositol 2287
Thiamine 244.3
Niacin 3.35
p-aminobenzoic acid 3.00
Pyridoxine 2.44
Ca-panthothenate 1.73
Biotin 1.69
Folic acid 0.93
Vitamin B-12 0.30
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